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In Brief
Isobaric labeling using tandem
mass tags (TMTs) is increasingly
applied for deep-scale pro-
teomic studies in a multitude of
organisms and addressing di-
verse research questions. The
cost of labeling reagents repre-
sents a substantial proportion of
the total expenses for conduct-
ing such experiments. Here,
Zecha et al. present an econom-
ically optimized TMT labeling
approach that reduces the quan-
tity of required labeling reagent
by a factor of eight and repro-
ducibly achieves complete
labeling.
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Jana Zecha‡, Shankha Satpathy§, Tamara Kanashova¶, Shayan C. Avanessian§,
M. Harry Kane§, Karl R. Clauser§, Philipp Mertins§¶�, Steven A. Carr§‡‡, and
Bernhard Kuster‡**§§

Isobaric stable isotope labeling using, for example, tan-
dem mass tags (TMTs) is increasingly being applied for
large-scale proteomic studies. Experiments focusing on
proteoform analysis in drug time course or perturbation
studies or in large patient cohorts greatly benefit from the
reproducible quantification of single peptides across
samples. However, such studies often require labeling of
hundreds of micrograms of peptides such that the cost for
labeling reagents represents a major contribution to the
overall cost of an experiment. Here, we describe and
evaluate a robust and cost-effective protocol for TMT
labeling that reduces the quantity of required labeling
reagent by a factor of eight and achieves complete label-
ing. Under- and overlabeling of peptides derived from
complex digests of tissues and cell lines were systemat-
ically evaluated using peptide quantities of between 12.5
and 800 �g and TMT-to-peptide ratios (wt/wt) ranging
from 8:1 to 1:2 at different TMT and peptide concentra-
tions. When reaction volumes were reduced to maintain
TMT and peptide concentrations of at least 10 mM and 2 g/l,
respectively, TMT-to-peptide ratios as low as 1:1 (wt/wt)
resulted in labeling efficiencies of > 99% and excellent
intra- and interlaboratory reproducibility. The utility of the
optimized protocol was further demonstrated in a deep-
scale proteome and phosphoproteome analysis of patient-
derived xenograft tumor tissue benchmarked against the
labeling procedure recommended by the TMT vendor. Fi-
nally, we discuss the impact of labeling reaction parameters
for N-hydroxysuccinimide ester-based chemistry and pro-
vide guidance on adopting efficient labeling protocols for
different peptide quantities. Molecular & Cellular Pro-
teomics 18: 1468–1478, 2019. DOI: 10.1074/mcp.
TIR119.001385.

In bottom-up proteomics, a variety of strategies can be
followed to determine quantitative differences in the abun-
dance of proteins and posttranslational modifications (PTMs)
(1). Among those, stable isotope labeling of peptides using

isobaric reagents such as tandem mass tags (TMTs) enables
multiplexing of up to 11 samples (2). Each of these 11 tags
can be used to label primary amines in peptide digests via the
reaction with the NHS ester-based reactive group. Subse-
quently, all samples are pooled and further processed to-
gether, thus reducing technical variation in the experimental
workflow. Inside the mass spectrometer, the isobaric nature
of the tags leads to a summation of each peptide signal from
all labeled and combined samples in the MS1 spectrum.
Following peptide fragmentation, sample-specific reporter
ions of different mass-to-charge (m/z) values are generated
from the different tags owing to the different combinations of
heavy carbon and nitrogen isotopes present in the reporter
ions. This enables the differentiation and relative quantifica-
tion of peptides from all conditions in the same MS2 scan.
Multiplexing in this manner greatly reduces the number of
missing peptide quantification values in each TMT experi-
ment. Further, quantification reproducibility is less sensitive to
performance variations of the liquid chromatography (LC)1

and mass spectrometry (MS) systems than for label-free
measurements. In addition, the multiplexing capability of TMT
reagents enables achieving deep proteome coverage for mul-
tiple samples in a reasonable amount of measurement time.
Together these advantages render isobaric tags attractive for
MS-based proteoform studies, including posttranslational
modifications analyses that depend on robust quantification
of single peptides across conditions (3). The high intra- and
interlaboratory reproducibility of a TMT workflow for deep-
scale proteome and phosphoproteome analyses has recently
been demonstrated for patient-derived xenograft (PDX) mod-
els of breast cancer (4), and motivates the use of TMT labeling
for the analysis of larger cohorts of patients (5).

One substantial shortcoming of quantification by isobaric
labeling is the high cost of reagents. We and others have
previously reported protocols in which the amount of TMT
reagent recommended by the vendor was reduced (6–10) and
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successfully applied such economically optimized labeling
workflows to address a variety of biological questions (3,
11–13). However, details on the quantities and concentrations
of reactants vary widely in the published literature and, to the
best of our knowledge, no systematic evaluation of the influ-
ence of reducing TMT-to-peptide ratios on the overall labeling
performance has been reported to date.

In the present study, we systematically evaluated the im-
pact of labeling reaction parameters and established a robust
and efficient TMT labeling protocol that achieves complete
labeling of primary amines in peptides using eight times less
TMT reagent than recommended by the vendor. We demon-
strate transferability of the protocol between laboratories,
provide guidance on the adoption of the optimized approach
for different peptide quantities, and show the applicability of
the improved protocol to in-depth proteomic and phospho-
proteomic analyses.

EXPERIMENTAL PROCEDURES

Experimental Design and Statistical Rationale—The rationale of the
experimental design is described in more detail in the respective
results sections, and a detailed overview of labeling conditions in-
cluding quantities, volumes, and concentrations of reactants, buffers,
and solvents are listed in the supplement. In three independent ex-
periments, increasing peptide quantities (12.5 to 800 �g) were labeled
using the same TMT concentration and quantity (100 or 800 �g) and
including, in total, 11 conditions as technical, intralaboratory dupli-
cates or triplicates. Moreover, 17 samples were labeled in three
experiments as singlicates, applying different TMT (40 to 400 �g) and
peptide (40 or 200 �g) quantities and concentrations to explore the
impact of these parameters on labeling performance and to examine
the adaptability of optimized protocol parameters to lower peptide
quantities. To assess interlaboratory robustness, four labeling exper-
iments, in which the TMT quantity was titrated (50 to 400 �g) against
a constant peptide amount (100 �g), were carried out as seven
replicates of which two or three were performed in three independent
laboratories. All experiments for method optimization were analyzed
as single-shot LC-MS/MS runs. To evaluate the utility of the optimized
labeling protocol to highly fractionated samples, a deep-scale (phos-
pho)proteome analysis was performed as previously described (4) but
using the optimized protocol (i.e. using 8x less TMT reagent) and
comparing it to the original labeling protocol. Briefly, peptides derived
from digests of basal (B) and luminal (L) breast cancer PDX models
(WHIM2 and WHIM16) were labeled in five replicates within a TMT10-
plex experiment (B-L-B-B-L-B-L-L-B-L) and fractionated using high pH
RP chromatography. After pooling and phosphopeptide enrichment,
24 whole proteome and 12 phosphoproteome fractions were meas-
ured by LC-MS/MS.

Cell Culture, Lysis, and Protein Digestion—HeLa and Jurkat cells
were cultured in DMEM and RPMI 1640 medium, respectively, sup-
plemented with 10% FBS (GibcoTM), and 1% antibiotic, antimycotic
solution (Sigma). WHIM2 and WHIM16 basal and luminal breast can-
cer PDX models were generated as previously described (14). Cells,
PDX and murine liver tissue were lysed in 8 M urea in 40 mM Tris-HCl,
pH 7.6 (Hela), or 75 mM NaCl and 50 mM Tris, pH 8.0 (Jurkat, liver,

PDX tissue), containing protease inhibitor and phosphatase inhibitor
cocktails. Lysates were incubated on ice for 15 to 30 min followed by
centrifugation at 20,000 � g for 10 to 15 min at 4 °C to remove insoluble
debris. Protein concentration of the supernatant was determined by the
PierceTM Coomassie or BCA Protein Assay Kit (ThermoScientific). Di-
sulfide bridges were reduced using 10 mM DTT at 30 °C for 30 min
(HeLa) or 5 mM DTT at 37 °C for 1 h (Jurkat, mouse liver, PDX tissue).
Alkylation was performed at room temperature in the dark using 50 mM

chloroacetamide for 30 min (HeLa) or 10 mM iodoacetamide for 45 min
(Jurkat, mouse liver, PDX tissue). Lysates were diluted to � 2 M urea
using 40 mM Tris-HCl, pH 7.6 (HeLa), or 50 mM Tris-HCl, pH 8.0 (Jurkat,
mouse liver, PDX tissue). Digestion was performed by either adding
trypsin (Promega) at a 1:50 enzyme-to-substrate ratio and incubating
overnight at 37 °C and 600 rpm (HeLa) or by performing a double
digestion at 25 °C using 1:50 LysC (Wako) for 2 h and 1:50 trypsin
overnight (Jurkat, mouse liver, PDX tissue). Digests were acidified by
addition of neat formic acid (FA) to 1%, centrifuged to pellet insoluble
matter, and desalted using tC18 RP solid-phase extraction cartridges
(Waters Corp.; wash solvent: 0.1% FA or TFA; elution solvent: 0.1% FA
in 50% acetonitrile (ACN)). Eluates were frozen at �80 °C and dried by
vacuum centrifugation.

TMT Labeling, Peptide Fractionation, and Phosphopeptide Enrich-
ment—Desalted peptides were reconstituted in 0.1% FA and peptide
concentration was determined using the PierceTM BCA Protein Assay
Kit. For workflow optimization experiments, the peptide solution was
aliquoted accordingly (12.5 to 200 �g peptides), frozen at �80 °C,
and dried by vacuum centrifugation. Peptides were reconstituted in
50 mM HEPES (pH 8.5) and TMTzero reagent or a mix of TMT10-plex
reagents (ThermoFisher) was added from stocks dissolved in 100%
anhydrous ACN. Respective volumes and concentrations are speci-
fied in the results section and supplement. The peptide–TMT mixture
was incubated for 1 h at 25 °C and 400 rpm, and the labeling reaction
was stopped by addition of either 5% hydroxylamine to a final con-
centration of 0.4% or 8 �l of 1 M Tris, pH 8, and incubation for 15 min
at 25 °C and 400 rpm. Peptide solutions were acidified with 45% (v/v)
of 10% FA in 10% ACN prior to drying or directly frozen at �80 °C
and dried by vacuum centrifugation. For in-depth (phospho)proteome
analyses, peptides derived from Lys-C/trypsin digests of luminal and
basal PDX tumors were processed as described in Mertins et al. (4)
but following the optimized TMT labeling protocol. Briefly, 300 �g
peptides were dissolved in 60 �l of 50 mM HEPES (pH 8.5), and the
labeling reaction was started by addition of 300 �g TMT reagents (15
�l of 56.7 mM (20 �g/�l) TMT stocks in 100% anhydrous ACN).
Samples were incubated for 1 h at 25 °C and 1,000 rpm, and the
labeling reaction was quenched using 5 �l of 5% hydroxylamine (15
min; 25 °C; 1,000 rpm). Peptide solutions were pooled, frozen at
�80 °C, and dried by vacuum centrifugation. Subsequently, TMT-
labeled samples were desalted using tC18, RP solid-phase extraction
cartridges (Waters Corp.; wash solvent: 0.1% TFA; elution solvent:
0.1% FA in 50% ACN), frozen at �80 °C, and dried by vacuum
centrifugation. TMT-labeled peptides were fractionated via high pH
RP chromatography using a Zorbax 300 Extend-C18 column (3.5 �m,
4.6 � 250 mm; Agilent). Peptides were pooled into 24 fractions of
which 5% were dried down for whole proteome measurements, and
the residual 95% were further pooled into 12 fractions for phospho-
peptide enrichment using immobilized metal affinity chromatography.
Enrichment was performed using Ni-nitrilotriacetic acid superflow
agarose beads (Qiagen) loaded with iron (III) ions. Subsequently,
phosphopeptides were desalted using self-packed StageTips (wash
solvent: 0.1% FA; elution solvent: 0.1% FA in 50% ACN), frozen at
�80 °C, and dried by vacuum centrifugation.

LC-MS/MS Measurements—Tryptic peptides for one-shot analy-
ses were analyzed on an EASY-nLC 1200 or Ultimate 3000
RSLCnano system coupled to a Q-Exactive Plus, Q-Exactive HF-X or

1 The abbreviations used are: LC, liquid chromatography; MS,
mass spectrometry; NCE, normalized collision energy; NHS, N-hy-
droxysuccinimide; PDX, patient-derived xenograft; PSM, peptide
spectrum match; RP, reversed phase; TMT, tandem mass tags.
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Fusion Lumos Tribrid mass spectrometer (ThermoFisher Scientific).
After reconstitution in 0.1% FA, an amount corresponding to 500 ng
peptides was injected. Supplemental Table I provides a detailed
overview of LC-MS/MS parameters for the different experiments. In
brief, on the Ultimate3000 system, peptides were separated on a 75
�m x 45 cm analytical column (packed in-house with 3-�m C18 resin;
Reprosil Gold, Dr. Maisch) applying a flow rate of 300 nl/min and a
20-min linear gradient from 8 to 34% LC solvent B1 (0.1% FA, 5%
DMSO in ACN) in LC solvent A1 (0.1% FA in 5% DMSO). The EASY-
nLC system was equipped with a 75 �m � 20 to 22 cm column
(Picofrit, New Objective, Inc.; packed in-house with 1.9-�m C18 resin;
Reprosil Gold, Dr. Maisch) and operated at a flow rate of 250 or 200
nl/min and applying a 20-min linear gradient from 3 to 55% solvent B2
(90% ACN, 0.1% FA) in A2 (3% ACN, 0.1% FA), a 17-min three-step
gradient from 5 to 60% solvent B2 in A2, or a 97-min three-step
gradient from 4 to 60% solvent B2 in A2. Mass spectrometers were
operated in data-dependent and positive ionization mode. On the Q
Exactive Plus, MS1 spectra were recorded at a resolution of 70k using
an automatic gain control (AGC) target value of 3e6 or 1e6 charges
and maximum injection time (maxIT) of 5 ms or 50 ms. After peptide
fragmentation via higher energy collisional dissociation, MS2 spectra
of up to 10 precursors were acquired at 17.5k to 70k resolution using
an AGC target value of 5e4 and a maxIT of 50 or 120 ms. MS
measurements using the Q Exactive HF-X were performed as de-
scribed above with the following modifications: MS1 spectra were
recorded at a resolution of 60k using a maxIT of 10 ms. Fragment
spectra were acquired at 30k resolution using a maxIT of 30 ms. The
Fusion Lumos was operated as the Q Exactive HF-X with the follow-
ing modifications: MS1 spectra were acquired using an AGC target
value of 4e5 charges. MS2 spectra of up to 20 peptide precursors per
cycle were recorded at 15k resolution using a maxIT of 22 ms.
Peptides for deep-scale (phospho)proteome analyses were measured
as described before (4) using an EASY-nLC coupled to a Fusion
Lumos. Briefly, peptides were separated over an 84-min linear gradi-
ent from 6 to 30% solvent B2 in A2 at a flow rate of 200 nl/min using
a 22-cm column as described above. MS1 spectra were recorded at
60k resolution using an AGC target value of 4e5. MS2 spectra were
acquired at 50k resolution using an AGC target value of 6e4 and a
maxIT of 105 ms. Cycle time was set to 2 s.

Database Searching—MaxQuant: For peptide and TMT titration
experiments, peptide identification and quantification were performed
using MaxQuant (version 1.6.3.3) with its built-in search engine, An-
dromeda (15, 16). Tandem mass spectra were searched against the
human reference proteome (UP000005640, 95,936 entries, down-
loaded on October 12, 2018) and/or the mouse reference proteome
(UP000000589, 62,407 entries, downloaded on October 12, 2018)
supplemented with common contaminants. Separate searches were
conducted to check for under- and overlabeling. For underlabeling
evaluation, TMTzero or TMT10 was specified as variable modification
on lysine and peptide N termini. For overlabeling assessment,
TMTzero or TMT10 was specified as a fixed label on primary amines
within a reporter ion MS2 experiment and, additionally, as a variable
modification on either histidine or serine, threonine, and tyrosine. For
all searches, carbamidomethylated cysteine was set as a fixed mod-
ification and oxidation of methionine and N-terminal protein acetyla-
tion as variable modifications. Trypsin/P was specified as the proteo-
lytic enzyme with up to two missed cleavage sites allowed. Precursor
tolerance was set to �4.5 ppm, and fragment ion tolerance to �20
ppm. For modified peptides, default cutoffs of at least 40 and 6 were
used for Andromeda score and delta score, respectively. Results
were adjusted to 1% false discovery rate on a peptide spectrum
match level employing a target–decoy approach using reversed pro-
tein sequences.

Database Searching - Spectrum Mill—Raw files of fractionated
(phospho)proteomes were searched against the human and mouse Ref-
Seq database containing 37,592 human and 27,289 mouse entries com-
plemented with common contaminants (RefSeq.20160914_Human_
Mouse_ucsc_hg19_mm10_customProDBnr_mito_150contams) using
Spectrum Mill suite vB.06.01.202 (Broad Institute and Agilent Tech-
nologies). Briefly, a four-cycle fixed/mix modifications search strategy
that ran four consecutive searches with different sets of modifications
in each round and then produced a single integrated output. The four
cycles were as follows: all unmodified, both peptide N termini and
lysines labeled, only lysines labeled, and only peptide N termini la-
beled. Carbamidomethylation of cysteines and selenocysteines was
set as additional fixed modification. N-terminal protein acetylation,
oxidation of methionine, de-amidation of asparagine, hydroxylation
of proline (when followed by Gly), and cyclization of peptide N-termi-
nal glutamine and carbamidomethyl cysteine to pyroglutamic acid
(pyroGlu) and pyro-carbamidomethyl cysteine, respectively, and TMT
overlabeling of serine, threonine, and tyrosine (limited to histidine-
containing peptides) were set as variable modifications. For phospho-
proteome analysis, phosphorylation of serine, threonine, and tyrosine
were allowed as additional variable modifications, while de-amidation
of asparagine was restricted to N followed by glycine, and TMT
overlabeling and hydroxylation of proline were not allowed. Trypsin
Allow P was specified as the proteolytic enzyme with up to four
missed cleavage sites allowed. For proteome analysis, the allowed
precursor mass shift range was -18 to 262 Da to allow for pyroGlu and
up to one additional TMT and two Met-ox per peptide. For phospho-
proteome analysis, the range was expanded to -18 to 272 Da to allow
for up to three phosphorylations and two Met-ox per peptide. Pre-
cursor and product mass tolerances were set to �20 ppm with
PSM-level false discovery rate �1% employing a target–decoy ap-
proach using reversed protein sequences. To better dissect proteins
of human and mouse origin, the subgroup-specific protein grouping
option in Spectrum Mill was enabled, details of which were previously
described (17).

Bioinformatic Analysis—For estimation of molarities of functional
groups in protein digests, an in silico digest of the human reference
proteome was performed using the Protein Digestion Simulator re-
leased by the Pacific Northwest National Laboratory (https://omics.
pnl.gov/software/protein-digestion-simulator). To obtain a conserva-
tive estimate of primary amines on peptide N termini, cleavage was
set to trypsin/P with no missed cleavage sites allowed. Minimum and
maximum fragment masses were set to 400 and 6,000 Da, and
duplicated sequences for given proteins were included. The average
of monoisotopic peptide masses was used to calculate molarities of
amino acids in 100 �g digest. For all MS data analyses, hits to the
reverse and contaminant databases were removed. For underlabeling
analysis, only peptide sequences that were modified with TMT on all
lysine side chains and free (i.e. not acetylated) peptide N termini were
counted as “fully labeled.” Peptides that did not bear any TMT were
annotated as “not labeled,” whereas peptides that contained at least
one TMT but were not fully labeled were classified as “partially la-
beled.” N-terminal acetylated arginine peptides were excluded from
the underlabeling analyses. Peptides that were identified to be la-
beled with TMT on at least one serine, threonine, or tyrosine in the
overlabeling search were counted as overlabeled. For analysis of
fractionated PDX (phospho)proteomes, reporter ion signals were cor-
rected for isotope impurities, and only human and mouse proteins
identified with at least two unique peptides were considered for
analysis. Relative abundances of proteins and phosphorylation sites
were determined using the median of TMT reporter ion intensity ratios
from all PSMs matching to the protein or phosphorylation site. PSMs
lacking a TMT label, having a precursor ion purity � 50%, or having
a negative delta forward–reverse score (half of all false-positive iden-
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tifications) were excluded. To normalize quantitative data across
TMT10-plex experiments, TMT intensities were divided by the median
intensity of all 10 TMT channels for each phosphorylation site and
protein. Ratios were further normalized by median centering and
median absolute deviation scaling.

RESULTS

Comparative Evaluation of Labeling Efficiency Using the
Standard Protocol Versus Reduced Reagent-to-peptide Ra-
tios for High Protein Input—An estimate of the amount of �-
and �-amino groups on peptide N termini and lysine side
chains, respectively, yielded �116 nmol free primary amines
in 100 �g peptides derived from an efficiently digested human
sample (Table I). The TMT labeling protocol provided by the
manufacturer recommends adding 800 �g labeling reagent,
which equates to 2.32 �mol of TMT (2.36 �mol in case of
TMTzero), to peptides originating from a digest of 25 to 100
�g protein. Hence, the standard protocol uses at least a
20-fold molar excess of the labeling reagent. Even if a certain
degree of reagent hydrolysis and overlabeling is taken into
account, the TMT reagent is still applied in great excess (Table
I). Based on these theoretical considerations, we hypothe-
sized that considerably higher quantities than 100 �g pep-
tides could be labeled using 800 �g TMT reagent. To test this
hypothesis, a peptide titration experiment was performed in
triplicates using peptide amounts ranging from 100 to 800 �g
murine liver peptides, resulting in TMT-to-peptide ratios (wt/
wt) of 8:1 up to 1:1. Across labeling reactions, the total reac-
tion volume and thus TMT concentration was kept constant
(16.5 mM TMT during labeling), whereas the protein concen-
tration consequently increased with increasing peptide input
amounts (Fig. 1A). The reaction was stopped by adding Tris,
pH 8, to a final concentration of 50 mM.

Single-shot LC-MS/MS analysis led to the identification of
between 8,081 and 8,807 peptide sequences with a slight
increase with decreasing TMT-to-peptide ratios (Fig. S1A).
Across the entire range of tested peptide quantities, at least
98.7% of PSMs corresponded to peptides that were fully
labeled (Fig. 1B). Consequently, few nonlabeled or partially
labeled peptides (where either the lysine side chain or peptide

N terminus was not labeled) were observed (less than 0.7% of
PSMs for all but one outlier sample corresponding to 200 �g
peptides). Furthermore, most of the underlabeled PSMs (77–
100%) contained at least one TMT modification. The corre-
sponding overlabeling analysis revealed that 10.4 to 14.6% of
PSMs contained at least one TMT-labeled serine, threonine,
or tyrosine residue, when the labeling reaction was conducted
using 100 to 400 �g peptides (Fig. 1C). Interestingly, in the
800 �g peptide samples, the fraction of PSMs assigned to
overlabeled peptides decreased to less than 3% with only a
very small concomitant increase in partially labeled PSMs. For
lower peptide quantities, overlabeling primarily affected serine
residues (up to 74.2% of overlabeled PSMs), whereas tyrosine
residues were overrepresented when using lower TMT-to-
peptide ratios (up to 67.3% of overlabeled PSMs; Fig. 1C). Of
note, 55.5 to 78.1% of overlabeled PSMs contained a histi-
dine residue (Fig. 1C). To exclude that this observation was an
artifact created by false TMT localization, we re-searched the
data, allowing TMT as a variable modification on histidine.
Only 1.5% of the spectra were assigned to peptides contain-
ing a TMT-labeled histidine and up to 95.7% of these also
contained a serine, threonine, or tyrosine residue (data not
shown). This indicates that false TMT localization is not a
substantial issue. Intensity distributions of overlabeled pep-
tides were comparable to correctly labeled peptides, while
underlabeled peptides showed significantly lower intensities
(Fig. S1B). Taken together, this indicates that the recom-
mended quantity of 800 �g TMT reagent can label at least four
to eight times more peptides than what the vendor protocol
suggests with a concomitant reduction in overlabeling of un-
desired amino acid residues.

Downscaling of TMT Quantities Using Optimized Labeling
Parameters—Encouraged by the above findings, we subse-
quently examined whether smaller peptide quantities can be
efficiently labeled using less TMT reagent than recommended
by the vendor (for an overview of all experiments performed,
see Supplemental Table II). From chemical reaction kinetics
and the law of mass action, it follows that the efficiency of the
labeling reaction depends not only on the absolute quantities
of tagging reagent used but, more importantly, on the molar
concentrations of the reactants, i.e. TMT and peptides or,
more precisely, relevant functional groups on peptides.
Hence, in order to keep conditions similar to the initial peptide
titration experiment, in addition to decreasing TMT and pep-
tide quantities, we also reduced the reaction volume to main-
tain relatively high concentrations.

Initial experiments were performed using 100 �g TMT rea-
gent and between 12.5 and 200 �g HeLa peptides while
decreasing reaction volumes by a factor of 5.6 (Fig. 1D).
Consequently, labeling took place at TMT concentrations of
11.8 mM, and the reagent-to-peptide ratio varied from 8:1 to
1:2. This time, the reaction was stopped by adding hydroxyl-
amine to a final concentration of 0.4%. Replicate analyses
demonstrated that up to 100 �g peptides were efficiently

TABLE I
Theoretical molarity of functional groups in a complete digest of 100
�g of a human proteome. Estimations are based on average peptide

length, and pKa values were taken from literature (22, 27)

Functional group
Amount in nmol

(100 �g peptides)
pKa

�-amine on N-term 78 7.7 � 0.5
�-amine on Lys 38 10.5 � 1.1
Primary amines 116
Hydroxyl on Tyr 25 10.3 � 1.2
Hydroxyl on Ser 76 �16
Hydroxyl on Thr 49 �16
Hydroxyl groups 150
Imidazole on His 24 6.6 � 1.0
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labeled, resulting in 7,005 to 7,906 fully TMT-labeled peptides
and a PSM labeling efficiency of 99.8 to 99.9% (single-shot
LC-MS/MS analyses; Fig. 1E). The lower the TMT-to-peptide
ratio was, the higher were the peptide identifications obtained
(Fig. S1C). For 200 �g peptides (1:2 ratio of TMT-to-peptide),
the proportion of PSMs corresponding to partially or nonla-
beled peptides sharply increased to an average of 14.9% (Fig.
1E), affecting �-amines of lysine residues more than peptide N
termini (18% of all lysine residues versus � 4% of all N
termini; see Supplemental Table II). The MS1 intensities of
underlabeled peptides were again found to be always consid-
erably lower than those of correctly labeled peptides, whereas
overlabeled peptides showed comparable intensities (Fig.
S1D). TMT labeled serine, threonine, and tyrosine residues

were present in on average 10.8% of identified spectra for a
TMT-to-peptide ratio of 8:1. This fraction decreased to 6.3%
and 1.5% for a reagent-to-peptide ratio of 1:1 and 1:2, re-
spectively (Fig. 1F). Serine accounted for about two-thirds of
the overlabeled amino acids for all peptide quantities used.
Again, most of the overlabeled peptides contained a histidine
(Fig. 1F). In accordance with the first experiment series, a
search allowing histidine to be labeled by TMT assigned, on
average, 4.6% of the PSMs to peptides with a TMT-labeled
histidine residue, and up to 99% of these peptides also com-
prised at least one serine, threonine, or tyrosine residue (data
not shown).

The above findings were corroborated in independent ex-
periments using murine liver tissue. Triplicate experiments

FIG. 1. Peptide titration experiments using the vendor recommended (A–C) and a down-scaled (D–F) TMT labeling protocol. (A)
Quantities and concentrations of a mix of TMT10-plex reagents (blue) and peptides (gray) are shown for increasing peptide amounts in labeling
volumes recommended by the TMT vendor (pep: peptide). The TMT reaction was quenched using 50 mM Tris, pH 8 (final concentration). (B)
PSMs identifying underlabeled and fully labeled peptides are depicted for intralaboratory replicates using the labeling protocol displayed in (A).
(C) The number of PSMs assigned to overlabeled, O-acylated peptides, and the distribution of serine, threonine, and tyrosine in these spectra
are illustrated for the labeling protocol displayed in (A). (D) Same as (A) but using TMTzero and smaller peptide quantities in decreased volumes
(pep: peptide). The TMT reaction was quenched using 0.4% hydroxylamine (final concentration). (D) Same as (B) but for the peptide titration
row displayed in (D). (F) Same as (C) but for the peptide titration row depicted in (D).
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using 100 �g TMT revealed fully labeled peptides in on aver-
age 99.7% of PSMs for 100 �g peptides and 42.7% of PSMs
for 200 �g peptides (Supplemental Table II). Additional exper-
iments using 200 �g peptides from Jurkat cell and PDX di-
gests showed complete labeling using 200 �g TMT at the
same TMT concentration of 11.8 mM (� 99.4% of PSMs
identified correctly labeled peptides; see Supplemental Table
II). Together, we conclude that, for 100 �g or more peptide
quantity, peptides can be efficiently labeled at a TMT-to-
peptide ratio of 1:1 and at TMT and peptide concentrations of
11.8 mM and 4 g/l, respectively. We performed another series
of labeling experiments using a smaller peptide quantity (40
�g PDX peptides) at TMT-to-peptide ratios ranging from 8:1
to 1:1 and at different TMT (1.4 to 29.5 mM) and peptide
concentrations (0.5 to 2.2 g/l; see Supplemental Table II for
details). Spectra labeling efficiencies of � 99.6% were ob-
tained in all experiments employing a TMT-to-peptide ratio of
at least 2:1. For a TMT-to-peptide ratio of 1:1 at 6.6 mM TMT
and 2.2 g/l peptides, 98.2% of PSMs identified fully labeled
peptides, but this fraction dropped substantially to 82.1% and
75.7% at lower TMT and peptide concentrations (Supplemen-
tal Table II). This illustrates that, for peptide quantities below
100 �g, less than 100 �g TMT can be used if the TMT and
peptide concentrations are adapted accordingly.

Assessing Interlaboratory Reproducibility of the Optimized
Labeling Protocol—Having established that a TMT-to-peptide
ratio of 1:1 (wt/wt) is sufficient to label a proteome efficiently,
we sought to show that the results can be reproduced in
different laboratories when using identical labeling workflows.
To accomplish this, peptides from digests of cryopulverized
patient-derived breast cancer xenograft tumors were distrib-
uted to our three laboratories, and replicates of 100-�g pep-
tide aliquots were labeled with 50 to 400 �g TMTzero reagent
spanning TMT-to-peptide ratios from 4:1 to 1:2 while main-
taining a constant reaction volume (Fig. 2A). This time, we
chose to increase the TMT amount and concentration to be
able to assess if doing so would result in differences in over-
or underlabeling compared with the previous peptide titration
experiments. The labeling reaction was stopped by adding
hydroxylamine to a final concentration of 0.4%.

In line with the results above, one-shot LC-MS/MS meas-
urements demonstrated efficient labeling of PDX peptides in
all reactions using a TMT-to-peptide ratio of 4:1 to 1:1 (Fig.
2B). Despite differences in the overall numbers of identifica-
tions between laboratories due to different LC setups and
LC/MS instrument performance (3,877 to 7,197 modified pep-
tide sequences, Fig. S2A), on average 99.7% of PSMs con-
sistently identified fully labeled peptides. Moreover, the per-
centage of underlabeling in all experiments was � 0.5% of
PSMs (Fig. 2B). However, reducing the TMT-to-peptide ratio
to 1:2 led to significant underlabeling of between 4.7 and
28.4% of PSMs depending on the laboratory (Fig. 2B). Simi-
larly, the fraction of identified spectra assigned to overlabeled
peptides differed between laboratories and ranged from 2.6 to

13.3% in efficiently labeled samples (Fig. 2C). This fraction
dropped by a factor of two to three in experiments using only
50 �g TMT for 100 �g peptides. Again, serine was the pre-
dominantly O-acylated amino acid (see Fig. 2C), though we
observed discrepancies in the fraction of TMT-labeled serine
and tyrosine residues among overlabeled peptides in single
experiments (see also Figs. 1C and 1F and Supplemental
Table II). Despite evaluating several potential parameters that
could influence overlabeling (see discussion), we could not
establish a well-founded explanation for these differences. As
already observed in the peptide titration experiments, up to
98% of overlabeled peptides also contained a histidine in the
sequence (Fig. 2C). Consistent with our prior observations,
underlabeled peptides exhibited consistently lower MS1 in-
tensities compared with correctly labeled peptides, while
overlabeled peptides showed comparable to slightly higher
signals (Fig. S2B). No apparent difference in the under- or
overlabeling trend caused by higher TMT concentrations
compared with higher peptide concentrations could be deter-
mined when comparing the TMT titration to the peptide titra-
tion experiments.

Benchmarking the Optimized Protocol for Deep-scale
TMT10-plex (Phospho)proteomic Analyses—After we estab-
lished in several lines of experiments and across laborato-
ries that a TMT-to-peptide ratio of 1:1 is sufficient to achieve
high labeling efficiency judged by single-shot LC-MS/MS
analyses, we next evaluated the optimized protocol for
deep-scale (phospho)proteome studies. Here, peptides
from five replicates of basal and luminal breast cancer PDX
models were combined into a TMT10-plex experiment and
separated into 24 whole-cell proteome and 12 phosphopro-
teome fractions. We employed the same workflow as de-
scribed in Mertins et al. (4) but adjusted the TMT labeling
step such that only 1/8 of the recommended amount of
TMT reagents was used. Specifically, 300 �g of TMT rea-
gent and 300 �g of peptides were labeled per channel in a
final volume of 75 �l, and results were benchmarked against
the original protocol using 2,400 �g TMT reagents to label
300 �g of peptides in a total volume of 423 �l (Fig. 3A).
These samples were generated and analyzed in the same
laboratory.

Not surprisingly, the observed labeling efficiency was
slightly lower for both fractionated TMT10-plex experiments
(Fig. 3B) compared with the single-shot analysis described
above because the fractionation step enabled identification of
more of the lower abundant and underlabeled peptides. The
overall numbers of collected MS2 spectra, PSMs, distinct
(phospho)peptides, and labeling efficiencies were compara-
ble between the two labeling protocols (Fig. 3B). Underlabel-
ing at peptide N termini was 2% for the standard protocol and
3% for the reduced TMT protocol, while underlabeling of
lysines was 0.5% and 0.6%, respectively. Overlabeling on
histidine-containing peptides and fractions of overlabeled ser-
ine, threonine, and tyrosine residues were also comparable
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between the standard (11.4%) and the optimized protocol
(11.6% of PSMs, see Fig. S3). More than 12,000 proteins were
identified in both experiments, of which � 8,400 were human
proteins, and protein identifications showed a large overlap
(� 90%) between experiments (Fig. 3C). On average, �42,000
phosphorylation sites were detected (� 35,000 of human
origin), and three quarters of these were identified in both
workflows (Fig. 3C). We observed an excellent intraplex cor-
relation (Pearson � 0.8) of human and murine proteins and
phosphopeptides across luminal and basal quintuplicates for
both labeling protocols (Fig. 3D). Similarly, proteins and phos-
phopeptides correlated well (Pearson � 0.7) between the two
workflows (Fig. 3D). Importantly, this interworkflow correlation
was comparable to the interplex correlation reported previ-

ously for two identical TMT10-plex experiments using the
vendor recommended amount of TMT reagent (4). In sum-
mary, this demonstrates the utility of the optimized TMT pro-
tocol employing 1/8 of the original amount of TMT for deep-
scale proteomics and phosphoproteomic studies.

DISCUSSION

The series of labeling experiments shown above using dif-
ferent TMT and peptide concentrations, quantities, and ratios
allowed us to systematically assess the influence of these
parameters on the labeling reaction. Smaller reaction volumes
and, consequently, higher TMT and peptide concentrations
were advantageous for labeling efficiency as the law of mass
action would demand. Further, the smaller the ratio of TMT to

FIG. 2. TMT titration experiment using the down-scaled TMT labeling strategy across laboratories. (A) Quantities and concentrations
of TMTzero reagent (blue) and peptides (gray) are illustrated for increasing TMT quantities in constant labeling volumes (pep: peptide). The TMT
reaction was quenched using 0.4% hydroxylamine (final concentration). (B) PSMs identifying underlabeled and fully labeled peptides are shown
for intra- and interlaboratory replicates following the protocol depicted in (A). (C) The number of PSMs assigned to overlabeled, O-acylated
peptides and the distribution of serine, threonine, and tyrosine in these spectra are displayed for the workflow shown in (A).
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peptides, the more crucial are the concentrations of reagent
and peptide. This can be readily explained by the competing
reactions of labeling of primary amines and hydrolysis of the
TMT reagent in aqueous conditions that contributes to less
efficient labeling in less concentrated protein and TMT solu-
tions. Therefore, for reagent-to-peptide ratios of 1:1 (wt/wt),
we recommend employing TMT and peptide concentrations
of 10 mM (3.4 �g/�l) and 2 g/l, respectively, to ensure efficient
labeling. Importantly, peptide concentrations should be de-
termined directly before TMT labeling (as done in this study)
because, from experience, 30 to 50% of the initial protein
quantity can be lost during digestion and subsequent desalt-
ing procedures, and these losses may vary between sample
types and laboratories.

Moreover, we stress that careful handling of the TMT rea-
gent is inevitable (as described in the manufacturer protocol)

when working with low TMT-to-peptide ratios to avoid loss of
active reagent as a result of hydrolysis caused by absorbed
water from ambient air. This is of particular relevance when
TMT leftovers need to be stored. In our experience, unused
TMT reagent can readily be kept in anhydrous ACN at �20 °C
or �80 °C for at least 3 months without any drop in labeling
efficiencies. For long-term storage, we recommend to aliquot
TMT in an inert atmosphere and store it dried down and under
exclusion of water. This can easily be realized by performing
the aliquoting procedure in a bin filled with argon, and aliquots
can be kept under argon or with a desiccant. By this means,
we have stored aliquoted TMT reagent for up to a year without
any decline in labeling performance.

Although our protocol can, in principle, be adapted to pep-
tide quantities in the low microgram range by appropriately
decreasing reaction volumes, handling very small volumes,

FIG. 3. Benchmarking the optimized protocol for deep-scale (phospho)proteomic analysis. (A) TMT10-plex experiments were per-
formed using five replicates each of peptides derived from basal and luminal breast cancer PDX models and following the two different labeling
protocols displayed here. Quantities and concentrations of TMT10-plex reagents (blue) and peptides (gray) used per channel are shown for the
standard (4) and the optimized labeling protocol (3; pep: peptide). (B) The table lists the number of total PSMs, PSMs identifying fully and
partially labeled peptides, and distinct (phospho)peptides for the whole cell and phosphoproteome analyses following the labeling protocols
displayed in (A). (C) Bar charts illustrate proteins (upper panel) and phosphosites (lower panel) that were identified for both or only one of the
two labeling workflows depicted in (A). Proteins and phosphorylation sites mapping to the human database are given in brackets. (D) Pearson
correlation coefficients are plotted for correlations within TMT10-plex experiments (intraplex) and between TMT10-plex experiments (interplex,
i.e. inter-workflow) following the protocols depicted in (A).
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particularly TMT reagent in 100% ACN, is not very practical
and can lead to inaccuracies. Consequently, we recommend
increasing the relative reaction volume for peptide quantities
below 50 �g and compensating for the lower TMT and pep-
tide concentrations (e.g. 5 mM TMT and 1 g/l peptide) by
concomitantly increasing the TMT-to-peptide ratio (e.g. to
2:1). For peptide quantities below 10 �g, even higher reagent-
to-peptide ratios are likely required (18). Alternatively, it is
conceivable that higher ACN concentrations may have a pos-
itive effect on labeling efficiency (due to lower reagent hydrol-
ysis) particularly for less concentrated samples or low abso-
lute sample quantities and would facilitate the use of the
desired TMT-to-peptide ratio of 1:1. Although this study in-
cluded labeling experiments at different ACN concentrations,
these always also involved variations of other parameters
such as TMT or peptide concentration. Hence, a systematic
assessment of the influence of ACN on the labeling reaction
would require further experiments preferentially using small
peptide quantities.

Small changes in the pH of the reaction buffer can also
affect labeling efficiency and overlabeling. Typically, more
alkaline pH values promote the inactivation of NHS esters due
to hydrolysis (19). This is particularly relevant when the excess
of the labeling reagent is limited. For example, a TMT-to-
peptide ratio of 1:1 roughly corresponds to a 2.5 x molar
excess of TMT reagent over the estimated molarity of primary
amines in a perfectly digested human proteome. Therefore,
the pH (and purity) of the peptide solution must be controlled
properly to ensure a reproducible outcome. At the same time,
pH values lower than the pKa values of the primary amines of
lysine and peptide N termini result in a higher degree of
protonation at equilibrium that hinders the reaction with TMT.
Because we performed labeling at pH 8.5, this effect is illus-
trated by the higher fraction of nonlabeled lysine residues (pKa

�10.5) compared with N termini (pKa �7.7) in all samples that
show significant underlabeling in the single-shot analyses. In
contrast, we and others have observed the opposite trend of
N termini being preferentially underlabeled at pH 8.5 using
different TMT, peptide, and ACN concentrations, particularly
in samples that show near complete labeling (4, 18). This may
be explained by the fact that the higher pKa value of the
�-amine also typically (depending on the solvent) corresponds
to a higher nucleophilicity in the deprotonated state and con-
sequently a higher reactivity toward TMT. Thereby, the label-
ing of lysine residues may be kinetically favored over peptide
N termini under certain conditions. However, which reaction
conditions determine preferential underlabeling of either the
�- or �-amine remains elusive and needs further investigation.
Notably, it has been shown for pH values of up to 8.5 that the
increase in reactivity of both primary amines exceeds the
accelerated hydrolysis rate of NHS esters (20, 21), providing
the basis for conducting the TMT labeling reaction at pH 8.5.

Considering that the pKa values of the side chains of lysine
and tyrosine are similar (22), one would expect that the reac-

tivity of tyrosine would also increase at elevated pH, rendering
it more prone to react with TMT at more basic pH values.
However, several studies investigating labeling of amino acids
and peptides using NHS esters reported that the abundance
of acylated tyrosine residues is enhanced only at a more
acidic pH, whereas more alkaline pH values favor N-acylation
(20, 21, 23). This may be explained by the lower stability of
tyrosine acylation in basic conditions, which can be har-
nessed to reverse overlabeling by adding hydroxylamine and
thus increasing the pH above 9 to quench the labeling reac-
tion (21, 24–26). The reversal of overlabeling by hydroxyla-
mine may also account for the overall lower fraction of O-acy-
lation at higher TMT-to-peptide ratios observed in the titration
experiments using 12.5 to 200 �g peptides compared with the
ones using 100 to 800 �g peptides. In the latter series of
experiments, Tris buffer at pH 8 instead of hydroxylamine was
used to quench the labeling reaction.

The high prevalence of TMT-labeled serine and threonine
residues may be surprising considering their very high pKa

values (27), which must result in a high degree of protonation
of their hydroxyl groups at pH 8.5 and, therefore, a low sus-
ceptibility to react with TMT. Indeed, an early study investi-
gating the reactivity of NHS esters toward amino acids could
not detect serine and threonine derivatives at pH 7.4 (19). In
contrast, others have found before us that hydroxyl-contain-
ing amino acids in peptides are reactive toward NHS esters
when histidine is in close proximity, notably in -2 or �2
position, to the labeled amino acid (H-X-[STY], [STY]-X-H) (20,
24, 25, 28). This implies that pKa values can change drastically
depending on the molecular environment of amino acids.
Indeed, overlabeled peptides were also strongly enriched in
histidine in our data, and serine, threonine, or tyrosine resi-
dues were 3 to 11 times more likely to be identified in a
TMT-labeled state when they were part of the H-X-[STY]
motif. The pKa of histidine is lower than that of N termini (22),
which would, in principle, promote histidine modification by
TMT. In fact, this has been suggested to occur in solid-phase
labeling protocols under slightly acidic conditions (6). How-
ever, for our in-solution labeling protocol (performed at basic
pH), the results of database searches allowing TMT as a
variable modification on histidine provided no plausible evi-
dence that histidine itself is prevalently labeled. This is in
accordance with studies reporting a transient, very labile
modification of histidine under neutral to alkaline conditions
with spontaneous hydrolysis of the formed N-acylimidazole
that has a half-life in the range of minutes (19, 23). This may
also explain the preferential overlabeling of histidine-contain-
ing peptides via an increase in the local concentration of TMT
by an initial derivatization of histidine and a subsequent reac-
tion of the N-acylimidazole intermediate with proximal hy-
droxyl-containing amino acids (20). Besides, histidine could
also lead to an increase in the nucleophilicity of hydroxyl-
containing amino acids via hydrogen bonding between the
side chains resulting in a higher reactivity toward TMT (28). Of
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note, the enrichment of histidine in O-acylated peptide se-
quences likely also accounts for the, on average, higher in-
tensities observed for overlabeled peptides compared with
correctly and underlabeled peptides. Irrespective of absolute
abundance, histidine-containing peptides exhibit generally
higher intensities than non-histidine-containing peptides due
to improved ionization mediated by its gas-phase basicity.

Interestingly, we noticed a weak but consistent increase in
spectra identification rates with decreasing TMT-to-peptide
ratios in all searches of titration experiments specifying TMT
as variable modification on lysine and peptide N termini. As
already suggested by Böhm et al. (6), this increase in identi-
fication rates may be ascribed to a reduction in the fraction of
overlabeled peptides, which we simultaneously noticed at
decreased TMT-to-peptide ratios. A similar observation was
made by Miller et al., who detected a higher fraction of mod-
ified tyrosine residues with higher reagent-to-peptide ratios
(24). This may be a result of different rates of TMT hydrolysis
and the reaction with primary amines versus hydroxyl groups.
O-acylation has been found to proceed up to 20 times slower
than N-acylation (23, 24) at least when no histidine was pres-
ent in close proximity. Therefore, employing relatively low
reagent quantities that can be fully consumed by reacting with
all primary amines as well as accounting for some reagent
hydrolysis would suppress O-acylation and thus reduce over-
labeling. Although not investigated here, shortening the reac-
tion time might further minimize overlabeling.

In conclusion, our optimized in-solution labeling procedure
reduces the amount of TMT reagent required for efficient label-
ing of peptides by eightfold relative to the vendor’s protocol and
thus represents a further improvement of previously published
labeling protocols (6–9). The protocol is cost effective without
any sacrifice in labeling efficiency or robustness. As demon-
strated here, the protocol can easily be adopted and integrated
in workflows analyzing cell lines or tissue proteomes. We note
that the same principles and parameters investigated in this
study may also be applicable to other NHS ester reactions,
including iTRAQ labeling, biotinylation, or crosslinking.
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